Fluctuating loads on tidal turbines are important for fatigue analysis and there is limited 10 information or simulation available for full-scale conditions. Here, CFD simulations have 11 been performed for a geometry-resolved full-scale tidal-stream turbine and compared with 12 experimental data from a 1 MW machine deployed at the EMEC test site. Initially, Reynolds-13 averaged Navier-Stokes (RANS) and large-eddy simulations (LES) were performed using an 14 inflow mean velocity profile representative of the site but low inflow turbulence. Mean blade 15 pressures were similar for the two types of turbulence closure and yielded mean power 16 coefficients comparable with measurements. Then, to simulate the effect of turbulence on 17 loads, LES with synthetic turbulence prescribed at inlet was employed. For these simulations, 18 inflow profiles of mean velocity, Reynolds stresses and length scales were determined from a 19 precursor channel-flow simulation, with additional factoring of stresses and length scales to 20 match hub-height conditions measured on site. Fluctuations in thrust, power and blade 21 bending moment arise cyclically from onset mean velocity shear and the blocking effect of 22 the support tower and over continuous spectral ranges from blade-generated turbulence, 23 approach-flow turbulence and waves. LES simulations with realistic inflow turbulence 24 satisfactorily reproduced the relative spectral distribution of blade bending moments in low-25 wave conditions. 26 27
INTRODUCTION 32 33
Tidal resources have long been considered a promising source of renewable energy, offering 34 high energy density and predictable generating periods. Public opposition to the expense and 35 unknown environmental consequences of large barrages have led to tidal-stream turbines -36 predominantly axial-flow devices -which aim to extract kinetic energy from the tidal current 37 rather than the potential energy built up by impounding water. In numerous sites around the 38 world narrow straits lead to tidal currents in excess of 2. may be simulated by scale-model rotors or by porous disks causing similar momentum deficit 56 [7] . However, laboratory studies are only able to cover a limited range of operating 57 conditions and are subject to scale effects. Theoretical modelling includes blade-element-58 momentum theory (BEMT), as performed by Bahaj et al. [8] and incorporated in DNV GL's 59
TidalBladed software, and computational fluid dynamics (CFD). Because supercomputing 60 resources are now becoming more widely available, CFD is increasingly being used as a 61 design tool. It offers geometric flexibility, absence of scale effects and the ability to 62 incorporate many of the specific design challenges for tidal-stream turbines (TSTs). It has the 63 ability to simulate realistic onset velocity profiles and turbulence which affect fluctuating 64 loads and fatigue. Nevertheless, CFD depends on many embedded models -notably in its 65 treatment of turbulence -and its range of validity needs to be established by comparison with 66 real field data if it is to be accepted as a reliable design tool. For complex 3-dimensional 67 geometries it is also computationally-demanding to achieve satisfactory numerical accuracy. 68 69
Just as laboratory experiments may use geometrically-accurate models or porous disks of 70 comparable cross-section and resistance, CFD simulations of tidal-stream or wind turbines 71 may be divided into those which attempt to simulate the actual geometry of the turbine rotor 72
[9, 10, 11] and those which replace the "real" geometry by the set of reaction forces that it 73 produces -so-called "actuator models" [12, 13] 
where V is a cell volume with bounding surface V, f is non-advective flux density and s is 171 source density. When  is a velocity component, f comprises pressure, viscous and modelled 172 turbulent stress terms. u is the resolved velocity field. In the arbitrary Lagrangian-Eulerian 173 (ALE) method, u grid represents the prescribed motion of the mesh, with Δt u grid •dA being the 174 volume swept out by face area dA in one time step Δt. A pressure-correction method is used 175 to enforce mass conservation, with second-order discretisation in space and time for 176 advective fluxes and time derivative respectively. 177 178
Two levels of turbulence modelling were undertaken: RANS calculations using the SST k-ω 179 model [22] and LES calculations with the dynamic subgrid-scale model of Germano et al.
180
[23], as modified by the popular least-squares formulation of Lilly [24] . In the last, the 181 subgrid-scale eddy viscosity is given by: 182
where the resolved rate-of-strain tensor and its norm are 184
and Δ is the filter width (i.e. resolvable length scale), related to the grid size. In 186
Code_Saturne it is taken as 187
In the classic LES model of Smagorinksy [25] , C is a constant, with default value 0.065 2 in 189
Code_Saturne. In the dynamic model C varies in time and space. In Lilly's formulation, 190 minimising the squared difference between unresolved stress and strain on grid scale Δ and a 191 larger scale Δ gives 192 To simulate computationally both mean and fluctuating loads it is desirable to prescribe 249 velocity fields at inflow that match those on site. However, the currents and bathymetry of 250 the Fall of Warness site mean that any measurement-based velocity profile will be far from 251 fully-developed, and in any computational simulation with significant turbulence there will 252 inevitably be flow development between inlet plane and turbine rotor. Measurements also 253 cannot provide all the required turbulence statistics (particularly length scales) necessary to 254 synthesise turbulence at inflow for the LES calculations. 255 256
To examine the effects of onset velocity shear and turbulence we conducted simulations for 257 three inflow conditions. The different modelling strategies and inflow conditions (which are 258 summarised in Table 1 Fluctuating velocities are generated from eddies advected through a virtual box (volume V B ) 303 containing the nominal inlet plane (Figure 6 ) at a constant speed equal to the bulk velocity. 304
When one eddy leaves the box another eddy is generated at a random location on the box 305 inlet plane. 
Here, L αx , L αy and L αz , are the integral length scales of the α velocity component, determined 314 from two-point correlations in fully-developed flow by 315 . For this work they have been derived from a fully-developed channel-flow LES, scaled 325 to the desired bulk velocity U b and depth h ( Figure 5 ). In case D above (see Table 1 With this definition (the sign is often reversed in the literature) negative Q signifies an excess 369 of rotational over shear strains. All cases show an interaction between vorticity emanating 370 from the blade tips with that shed behind the tower. Onset turbulence causes distortion and 371 aids in the break-up of the vortex structures. For both RANS and LES with low turbulence at 372 inflow, tip-generated vortices are very persistent and start to break down primarily where 373 they interact with the tower wake, whereas with onset turbulence they are distorted and 374 diffused by the flow field. In case D, inflow stresses were increased and length scales 375 decreased to match data at hub height; both effects accentuate the vortex breakdown. 376 377 378 Figure 9 shows development of the streamwise mean-velocity (U) profile on the centreplane, 388 from just downstream of the nacelle to 8D downstream of the rotor, for low-and high-389 turbulence LES simulations. In both cases the wake has two main features: a narrow, but 390 expanding, central core associated with the nacelle blockage (with minor recirculation) and a 391 broader wake approximating the rotor swept area, with slow spreading and velocity recovery. 392
Over the majority of the swept area downstream the streamwise velocity is about half that in 393 the approach flow. Wake recovery is slightly faster for the high-turbulence case, but the two-394 part wake structure, boundaries and velocity deficit are easily detectable at 8D downstream of 395 the rotor. With power output typically depending on the cube of flow speed this has 396 implications for the layout of multiple turbines in an array, although successive rows may be 397 staggered laterally to benefit from increased velocity in the bypass region outside the wake. Experiment data on C P fluctuations is not available to confirm whether this would be 494 observed in the field. 495 496
The phase variation in whole-rotor loads is at first sight challenging to explain -particularly 497 the apparent difference in phase between the onset-turbulence cases C and D. Rotation angle 498 θ = 0º corresponds to one nominated blade being vertically upward. Any particular blade 499 might be expected to receive the largest forcing when vertically upward and smallest forcing 500 when vertically downward due to an (additive) combination of velocity shear and tower-501 passing effects. At first sight it might be anticipated that, summing over three blades, this 502 would imply three maxima/minima in load coefficients for the whole rotor per cycle, with a 503 maximum when one blade was vertically upward. Three maxima/minima per cycle are, 504 indeed, evident, but the phases of the maxima cannot be inferred from the position of blades 505 because individual blade forcing is a very complex function of angle. Indeed, if the 506 fluctuation in loading on any particular blade were a simple sine function of rotation angle 507 then, because 508
for any angle θ, the combined load fluctuation of all three blades would actually be zero. In 510 other words, if there is an independent harmonic variation in forcing on all blades then the 511 net contribution of all three blades to the rotor thrust or power coefficient would be flat. This 512 clearly is not observed. We conclude that, although we can see the signature of three blades 513 passing any reference point per turbine rotation, we cannot a priori determine at what angles 514 the summed effect of three blades will exhibit a maximum, as this is a complex function of 515 mean velocity shear, turbulence intensity and lengthscale, tower passing and possibly also 516 upper and lower boundary constraints. 517 518
The variation in phase-averaged loading for the whole rotor with rotation angle is deceptively 519 small compared with that for an individual blade on an individual cycle. Figure 15 shows the 520 variation in instantaneous power coefficient for one blade during a single rotation 521 (normalised by the cycle average). With low onset turbulence, RANS and LES show similar 522 results, illustrating that excursions in power (or torque) on one blade due to the cyclical effect 523 of velocity shear and tower passing are about ±10% over a cycle, blade-generated turbulence 524 (resolved by LES, but not by RANS) having only a modest effect when loads are integrated 525 over the blade. By contrast, realistic inflow turbulence leads to variations in single-blade 526 loading of more than a factor of 2 over timescales of less than half a turbine rotation, with 527 significant implications for fatigue. The frequency distribution is also an important indicator of the relative importance of 581 different sources of load fluctuation. Figure 18 shows the energy spectrum of the flapwise 582 bending moment on a specific blade. Experimental data shown here was taken (at 583 50 Hz) from one 10-minute sampling period where the average flow speed was 1.76 m s -1 . To 584 incorporate cases with different rotation speeds, spectral density is plotted against f / f 0 , where 585 f 0 is the primary tower-passing frequency. LES data is plotted for no inflow turbulence (case 586 B) and for the higher-speed case with inflow turbulence (case D). Because of the fewer cycles 587 available to sample in the CFD simulation, there is lower total variance; this has been 588 overcome by normalising by the overall energy. 589 590
The distribution of spectral energy may be examined by considering the relative proportions 591 at tower-passing frequency (f / f 0 = 1), low-to mid-frequencies associated with onset 592 turbulence, and the high frequencies typical of blade-generated turbulence (f / f 0 > 20). Figure  593 18 shows that, with zero onset turbulence, the relative amount of energy is too low in the 594 mid-frequency range. (Note that normalisation on total energy artificially amplifies the 595 apparent spectral energy to the right of the graph.) The relative contribution of load 596 fluctuations from the different frequency ranges is much more satisfactorily reproduced by 597 case D with appropriately factored inflow turbulence. (Note that experimental measurements 598 were taken at 50 Hz, so the local spectral peak at f / f 0 = 100, which corresponds to a 599 frequency of 20 Hz, is unexplained, but may correspond to a natural frequency of the 600 instrumentation or the blade. The simulated velocity field indicates that the turbine rotor influences axial velocity and 631 approach-flow turbulent structures to about 1D upstream of the rotor, with velocity deficit 632 and enhanced turbulence extending beyond the 10D downstream simulation extent. The two-633 part wake structure consists of a high-velocity-deficit, but rapidly-recovering, inner wake 634 downstream of the nacelle and a slowly-spreading, broader wake in the rotor shadow, 635 bounded by persistent blade-tip vortices. 636 637
For the low-turbulence case, RANS and LES predict similar phase-averaged loads and blade 638 pressures. Thus, the less-computationally-demanding RANS approach would be sufficient to 639 determine mean loads, at least near design operating conditions. List of Tables  835  836  Table 1 . Summary of flow cases considered. 837 838
